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Dermatology R esearch Unit, Atlanta V.A. Medical Center, Decatur, Georgia, U.S.A ., and Department on Dermatology, E mOIJ' University 
School of M edicine, Atlanta, Georgia, U.S.A. 
The interaction between the skin depigmenter 4-tert-
butylcatechol (tBC) and L-DOPA m elanin was qualit2-
tively studied by means of spectroscopically monitoring 
the binding of tBC melanin as well as the oxidation of 
tBC in the presence and absence of melanin. Addition-
ally, we assessed the quantitative effect of tBC on m ela-
nin's chemical reactivity by using the reduction of po-
tassium ferricyanide as a redox marker. The kinetics of 
ferricyanide reduction in the ternary (melanin/tBC/fer-
ricyanide) system are essentially different from those in 
each of the binary components (i.e., melanin/ferricya-
nide and tBC/ferricyanide). The experiments indicate 
that tBC can bind to melanin (Ku = 3.8 X 103 M - 1) and 
that melanin can act as a "catalyst-like" electron trans-
fer agent which couples ferricyanide reduction with tBC 
oxidation (k' = 1.4 X 10-6 mole min - 1). These kinetic and 
thermodynamic parameters may provide a means of 
quantitatively comparing melanins obtained from differ-
ent biological and pathological situations, and they may 
make possible an understanding of cutaneous depigmen-
tation processes on the molecular level. 
The antioxidant 4-tert-butylcatechol (tBC; structure I, Fig 1) 
is well known to cause depigmentation in man by means of 
m elanocyte destruction [1-5]. The results of these studies are 
of general clinical interest because tBC-induced leukoderma 
may be looked upon as a chemical model for segmental vitiligo. 
It has been postulated that depigmentation is brought abou t 
by production of diffusible free radicals derived from the depig-
menter which can initiate destructive lipid peroxidation in the 
melanocyte [1]. The fact that the damage done by such a 
reactive, diffusible species is la1·gely confined to the melanocyte 
suggests a physico-chemical interaction between the depigmen-
ter and some component of the melanocyte, probably melanin . 
The pw·pose of this work is to determine the extent of tBC-
melanin interaction. We have, therefore, studied the binding of 
tBC to synthetic L-DOPA melanin as well as the oxidation of 
tBC in the presence and absence of melanin. Additionally, we 
u t ilized the well-studied reduction of potassium ferricyanide by 
m ela nin [6,7] as a quantitative marker of melanin 's chemical 
reactivity in the presence and absence of tBC. The results of 
this study indicate that the binding of tBC to melanin can alter 
t he redox properties of the latter via electron transfer from tBC 
to melanin. 
MATERIALS AND METHODS 
Syn thetic L-DOPA melanin and potassium ferricyanide were ob-
ta ined from S igma Chemica l Company. Melanin was dialyzed aga inst 
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distilled water, dried and stored in vacuo over P20 5 in the dark at 4°C. 
The 4-tert-butylcatechol (tBC) was obtained from Aldrich Chemical 
Company. As supplied, it contained autoxidation impurities which gave 
it a pinkish appeamnce. These impurit ies could be removed via severa l 
washings with cychohexane at room temperature, to yield whi te needles 
which appear to be stable in the dark in vacuo at 4 °C. 
P rior to each set of experiments, fresh tBC solu tions (ca 3.4 mM) and 
melanin suspensions (ca 300 ug; shml,except for the qualitative binding 
experiments, see below) were made up in 0.1 M phosphate buffer, pH 
7.4. Stock solu t ions conta ining 6.40 mM K:1Fe(CN) ,; in buffer were stored 
in low-actinic volumetric flasks at 4°C in the dark. These solu tions 
were stable as judged by their constant reactivity to melanin and tBC. 
Quali tative and quant itative changes in tBC, melanin, and ferricya-
nide were measured spectrophotometrically, using either a Cary 219 
spectrophotometer or a Gilford 220 spectrophotomer in conjunction 
with a Beckma n DU prism monochromator. 
Kinetic studies were carried out spectrophotomet.rically by monitor-
ing ferricyanide reduction at 420 nm at 24 °C vs. the appropriate blanks 
(6). The reaction mixture contained 640 JLM ferricyanide, 100 jJ.g melanin 
and/ or tBC ranging in concentrations from 127-450 uM in a total of 3.0 
mi. The reaction was carried out under cont inua l magnetic stirring, 
ferricyanide a lways being added last. The solu t ions were protected 
from ligh t by housing them in alu minum fo il-covered or low-actinic 
conta iners and by carrying out the experimen ts in subdued light. Initial 
velocity data were calculated from the a mount of ferricyanide reduced 
a fter 1.0 min, a nd are expressed as n-mole ferricyanide reduced per 
minute. 
All experiments were repeated at least three times. The resul ts a re 
expressed as the mean ± SD. 
Qualitative binding of tBC to melanin was determined as follows: To 
150 mg of melanin, 9 ml of 250 JLM tBC solution was added. As a control, 
9 ml of buffer was added to a second 150 mg melanin batch. After 
thorough mixing, the solutions were centri fuged overnight at 40000 rpm 
in a Sorvall OTD-50 Ultracentrifuge. The supernatant solu t ions were 
di lu ted 1:4 (they appeared light-brown to the eye) a nd the amount of . 
tBC rema ining in the supernatant was determined by a bsorption spec-
troscopy, using t he control melanin as blank. 
QUALITATIVE RESULTS 
a. Binding of tBC to Melanin; Consequent Alteration of 
Melanin R edox Properties 
The absorption spectra of the supernate from the 150 mg 
melanin suspensions which had been treated in the presence 
and absence of 250 Jl.M tBC as described, showed essentially the 
same maximum (278 nm) and spectral distribution as did the 
250 Jl.M tBC solut ion above. Comparison of the intensities of the 
two solutions at 278 nm indicated that roughly 40% of the 
catechol was bound to the melanin. 
Both untreated and tBC-treated melanin pellets were lyoph-
ilized in the dru·k, and 300 Jl.g portions were dispersed in 10 ml 
buffer. The tBC-treated melanin appeared distinctly lighter in 
colm· than did the untreated control, and its visible absorption 
showed a corresponding decrease in intensi ty. This result indi-
cates the reduction of melanin [8]. 
b. Autoxidation of tBC 
A 250 ftM solu tion of tBC in 0.1 M phosphate butJ'er, pH 7.4 
was allowed to sit in the dark at room temperature for 2 weeks. 
During this time, t he solu tion slowly turned from colorless to 
pink to reddish-brown. In the latter stage, an insoluble ma terial, 
most likely a melanin-like polymer, formed a brown precipitate. 
The absorption spectrum of the soluble component exhibits an 
intense band at "A max = 273 nm and a broad band of low 
intensity at "A max = 480 nm. This spectrum is similru· to that 
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reported [9, 10] for the p-quinone derived from the oxidation of 
6 hydroxydopamine ("p-topaquinone" ). Such an observation 
implies that at pH 7.4, tB~ is 6-hydroxylated to II (Fig 1) and 
then further oxidized to the corresponding p-quinone (III). 
In contrast, tBC solutions rapidly turn yellow at pH 9. 
Absorption maxima for the yellow solution are observed at 301 
and 420 nm. These maxima indicate that the oxidized product 
pH 9 may be the o-quinone of tBC (IV). 
c. Oxidation of tBC in the Presence of Ferricyanide, Melanin, 
and Ferricyanide/ Melanin. 
The absorption spectrum of potassium ferricyanide exhibits 
maxima at 420 nm and at 3Q3 nm with virtually no absorption 
above 480 nm. The spectrum of tBC exhibits no absorption 
above 305 nm. When tBC is mixed with ferricyanide, the 
absorption at 420 nm decreases with concomitant development 
of low- intensity absorption in the 480-560 nm region. The same 
qualitative effect is observed in the presence of L-DOP A mel-
anin. The decrease at 420 nm corresponds to reduction of 
ferricyanide, and the increase at 480 nm reflects the oxidation 
of tBC to, presumably, compound III. Formation of the o-
quinone IV does not appear to be significant, since no maximum 
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FIG l. Structu res of t-Butylcatechol and postulated oxidation prod-
ucts: l -t-butylcatechol; I/-2,4,5 trihydroxy-t-butylbenzene, primary 
product of oxidation of I at pH 7.4: Ill, 2-hydroxy-5-(t-butyl) -1,4 
benzoquinone, secondary oxidation producL of I at pH 7.4; IV, 4-(t-
butyl) -1,2 benzoquinone, oxidation product of I at pH 9.0. 
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at ca 300 nm was observed when tBC reacted with ferricyanide, 
either in the presence or absence of melanin. 
QUANTITATIVE RESULTS 
The concentration dependence of the initial rate of ferricya-
nide reduction Yo in the presence of melanin, tBC, and melanin 
+ tBC is given in the Table. The dependence is different for 
the ternary (melanin/tBC/ferricyanide) system than it is for 
the component binary systems. At 208 and 224 flM [tBC], the 
rate of ferricyanide reduction in the ternary system (column 4) 
is significantly faster than the sum of the rates for the compo-
nent melanin/ferricyanide and tBC/ferricyanide systems (col-
umn 3). On the other hand, at [tBC] ,= 312-380 flM, there is no 
significant difference in the respective rates, and at [tBC] = 416 
and 448 flM, the rate in the ternary system appears to be slightly 
less than that of the sum of the binary components. The data 
for 127 flM [tBC] does not follow the .above trend. Here, the 
rate of reduction in the ternary is rot,~ghly equal to the rate of 
ferricyanide reduction by either melanin or tBC alone. 
Since tBC can bind to and subsequently reduce melanin, an 
attractive possibility is that melanin acts as in a manner similar 
to a heterogeneous catalyst; it facilitates rate limiting electron 
transfer from tBC to ferricyanide in the ternary system by 
binding both melanin and ferricyanide . Such behavior is ob-
served in the melanin/ NADH/ferricyanide system [6]. Under 
these conditions, the rate of ferricyan ide reduction can be 
expressed (11) as: 
Yo= kOcOr.c (1) 
where OFc and Be a1·e the respective fractions of available mela-
nin binding sites occupied by ferricyanide and tBC respectively, 
and k is a rate constant for the electron transfer step. At 
constant melanin and ferricyanide concentrations, Or-e is con-
stant and can be incorporated into k ask' = kOFc· Assuming no 
interactions between ferricyanide and tBC on the melanin, Oc 
is given by the Langmuir Isotherm [12]. 
Oc = KB [tBC]/1 + Ku [tBC] (2) 
where KB is the binding constant of tBC to melanin. Substitu-
tion of (2) into (1) and inversion leads to; 
1/ Vo = 1/k'KB [tBC] + 1/k' (3) 
Thus, reciprocal plots of initial velocity vs. tBC should be linear 
with slopes = 1/k'Kn and intercept = 1/k' if the above mecha-
nism is operative. Figme 2 shows that such is the case for the 
melanin-tBC-ferricyanide system for [tBC] 2:: 208 uM. From the 
slope and the Intercept, one obtains values of Kn = 3.8 X 10a 
M- 1 and k' = 1.4 X 10- 1; mole min- 1• 
As expected from consideration of the Table, similar recip-
rocal plots for the ferricyanide/tBC system as well as for the 
sum of ferricyanide tBC and ferricyanide/melanin systems are 
distinctly non-linear. 
DISCUSSION 
This work has made use of the well-known [6] ability of L-
DOPA melanin to reduce potassium ferricyanide to gauge the 
Initial rale-' of ferricyanide reduction by L -DOPA m elanin in presence and absence of t-bu.ty lcal'!chol 
tBC (/iM) · 
127 
208 
224 
312 
336 
380 
416 
448 
" V0 ± SD (nmole/ min). 
(I) FE+ M" (2) FE + tBC" (3) Sum of I + 2" {4} FE+ M + LBC" 
138 ± 27 282 ± 20 420 ± 24 264 ± 10 
138 ± 27 387 ± 29 525 ± 28 567 ± 12 
138 ± 27 380 ± 20 518 ± 24 615 ± 20 
138 ± 27 618 ± 19 756 ± 23 720 ± 10 
138 ± 27 640 ± 10 778 ± 1' 770 ± 20 
138 ± 27 688 ± 13 826 ± 20 804 ± 15 
138 ± 27 720 ± 10 858 ± 19 828 ± 11 
138±27 775±29 913±28 865±15 
M =Mela nin = 100 iJ.g, FE= KaFe(CN)o = 640 iJ.M, other condit ions as in text. 
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FI G 2. Reciproca l of ini tia l velocity (V0 ) of ferricyanide red uction vs. 
t -butylcatechol concentration [tBC]. Reaction cuvette contamed JOO 
!lg L-DOPA melanin , a nd was 640 uM in potassium _ferncyamde at 
various [ tBCl in 0.1 !lM phosphate buffe r, pH 7.4 . Smula r plots for 
component binary systems were concaved upward . 
interaction between melanin and the chemical depigmenter 
tBC in vitro. The resul ts indicate that tBC can bind to melanin 
(K8 = 3.8 x 10'1 M - 1) and that melanin can act as an electron-
transfer agent which "couples" the oxidation of t.BC with the 
reduction of ferricyanide (k' = 1.4 X 10- " mo le. mm- 1 ) . Such a 
mechanism is essentially different from that attending the 
ferricya nide tBC reaction in the a bsence of mel ~nin . In t he 
coupled (ternary) reaction, melanin appea rs to act 111 a manner 
similar to that of a heterogeneous catalyst. At sufficiently high 
tBC (i .e. 2:: 208 J.LM in this case), the data are well described by 
a kinetic model assuming a bimoleculru· reaction between fer-
ricyanide and tBC on the surface of the melanin. q iven its 
exceptional capability as an electron ~cc.eptor [10], ~s. well as 
its semiconductor properties [13-15], 1t IS not surpnsmg that 
melanin acts as a "middle man" in the transfer of electrons 
fro m tBC to ferricyanide, as it does in the NADH-ferricyanide-
melanin system [6]. 
Failure of the rate data of the terna ry system at [tBC] = 127 
J.LM to follow the trend set at higher concentrations is neverth e-
less consistent with our "catalysis" model, and seems to deno te 
t h e requirement that melanin-tBC complex be formed prior to 
reduction via this mechanism. At sufficiently low concentra-
tions, complex dissociation is favored, and the rat~ ~f melanin-
catalyzed tBC reduction of ferricyanide becomes I~ mi te~ by the 
rate of complex formation between tBC and melanm. Evidently, 
th e point at which the redox reaction between melanin-bound 
ferricyanide and tBC is no longer rate- limit ing lies in the range 
127 :::::; [tBC] :::::; 208 J.LM . . 
From the absorption spectra l data, we have presumptive 
evidence tha t the oxidation of tBC at pH 7.4 involves one-
election hydroxylation to II, followed by further oxidation to p-
quinone III. Moreover , it appears tha t the tw?-electron. a-ben-
zoquinone (IV) formation only becomes s1gmficant ~t h1gh P.H. 
a resull which might be ant icipated from mass act1on consid-
erations. It is difficul t, at present, to assess the s ignificance of 
these pathways in terms of cytotoxic e.lfects. G raha ~n , Tiffa ~1y, 
and Vogel [10] have implicated dopaqumone as a maJOr react~ve 
toxic melanin precursor, with tapa and p-topaqumone b.emg 
m uch Jess reactive. However, more definitive studies remam to 
be carried out to assess the relative toxicit ies of analogous tBC 
oxidation products. 
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The value of K 13 (3.8 X w-'1 M - 1) is reasona ble fo r an inter -
acting system where there is partial (but not complete) charge 
transfer. S uch a s ituation might be expected to occur on tBC-
melanin binding as a prelude to complete electron transfer. The 
malanin-tBC complex may thus be unstable to oxidation oftBC 
and reduction of melanin , so t hat tBC-reacted melanin pellet 
proba bly more reflects a reaction product mixture than a true 
complex. 
Since t he kinetic pa rameter k' is a measure of the rate of 
"melanin catalyzed" electron transfer between tBC and ferri-
cyanide, it is a measuJ·e of t he chemistry, (i.e., structure, con-
formation, oxidation state, and degree of complexation) of the 
m elanin polymer, all oth er factors being equal. We, therefore, 
suggest t hat this parameter may provide another quantitative 
means of comparing melanins isolated from different anatomi-
cal, physiological, and pathologica l condi tions. . 
Several features arise from this work which are poten tially 
significant to t he biology of pigment cells. Firstly, it is evide': t 
that t he capacity for melanin to bind tBC could lead to locali-
za tion of a toxic depigmenter in a melanocyte. Such localization 
of tBC p er se would obviously favor the occurrence of chemical 
reactions destructive to the melanocyte. Moreover, it is also 
possible that the bound tBC is chemically more reactive than 
its free counterpart . In similar manner, t he ability of melanin 
to accept electrons from tBC implies consequent alterations of 
mela nin's chemical proper ties. Since it has long been thought 
that melanin may exert a natural protective function by acting 
as a free radical scavenger [1 6], it is not hard to imagine how 
such a process could possibly be undermined by an electron-
donating agent such as tBC. 
Peker and WohlTab [17] have postulated that the closely-
related 4-methyl-catechol interferes with melanin synthesis by 
interac ting with a non-enzymatic controlled intermediate(s) in 
melanin biosynthesis. The toxic effects of catechols on mela-
nocytes is said to occur from the consequent disruption of 
normal redox processes. Our resul ts indicate that active melanin 
biosynthesis may not be necessary for catechol cytotoxicity, 
since the selective interaction can change the redox properties 
of the melan in itself. 
While it remains an open question as to. what extent our 
results may be extrapolated to the biological and clinical situ-
ation, they are compatible with earlier observations that tBC is 
selectively taken up by pigmented melanocytes and that t hese 
melanocytes aTe selectively destroyed [1-4]. Riley's postul~te 
that melanocyte destruction and consequent cutaneous depig-
mentation may be linked to tyrosinase- mediated oxida tion is 
also in accord with our resul ts, s ince tyrosinase! is known to 
form complexes with melanin [18]. It is possible t hat differences 
in melanin structm e, or the presence of structural proteins and 
tyrosinase as occuning in natural melanoproteins, may qua n-
titatively alter t he behavior observed in situ relative to those in 
our experiments [7, 19]. However, Whi ttaker [20] has recen tly 
raised the question as to whether or not melanoproteins exist 
as such in situ by demonstrating that co-ordinate protein syn-
thesis is unnecessa1·y for melanin synthesis, and by noting that, 
in at least one system, t here is essentia lly no protein wi thin the 
melanin gra nules. If it tums out that melanoproteins are isola-
t ion art ifacts t he nature of tBC-melanin interaction in vivo 
may not be too different than t hose occurring in ·our model 
system. 
T he authors wish to tha nk Ms. Mary Perrin and Ms. Madeleine 
.Fleagle for typing the manuscript. 
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